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Preface

The purpose of study was to investigate electrically tunable birefringent optical filters

for use as the spectral discriminator in hyperspoctral imaging systems. Richard Fedors of

Rome Laboratory in New York originated this thesis topic as a possible way to decrease

the complexity of spectral disrimination for multispectral imaging systems.

Analytical and computer analysis was performed for known birefingent filters which

show promise of electrical tunability, excluding acousto-optic filters. No perfect match

was found to the ideal tunable optical filter for hyperspectral imaging defined in this thesis;

however, this thesis provides the needed background for further research in this area.

This thesis also identifies a number of artas for further worthwhile research.

This thesis effort was not an individual one. First, I acknowledge and thank my

creator. I also thank my faculty ad isor Dr. T. E. Luke for helping me to refocus when

progress slowed. Words of thanks are alo owed to the AFIT library staff for thtir

professionalism and responsiveness to v.y many requests, Finally, I thank my wife

Stephanie for all of the encouragement and support during the AFIT experience.

-----o-- - Duane A. Sauve
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Abtact

This study investigated electrically tunable birefringent optical filters for use as the

spectral discriminator in hyperspectral imaging systems. Spectral discrimination

requirements for hyperspectral imaging systems were defined using specification from two

state-of-the-art hyperspectral imaging systems. The spectral discrimination requirements

led to the definition of the ideal tunable optical filter for spectral discrimination purposes,

Analytical and computer analysis was performed for known birefringent filters which

showed promise of electrical tunability, excluding acousto-optic filters. No perfect match

was found to the Ideal tunable optical filter for hyperspectral imaging defined In this thesis.

Both Lyot and Solo based filters exhibited two drawbacks for hyperspectral imaging

application: narrow tuning range with linear bandwidth dependence on center wavelength,

or wide tuning range and quadratic bandwidth dependence on center wavelength. The An-

tuned Solc filter provided the best compromise between tuning range and bandwidth

control; however, it is not practical due to the excessive number of elements required.

This thesis provides the needed background for further research in this area and identifies

a number of areas for further worthwhile research. Acousto-optic filters offer another

possible avenue for hyperspectral imaging and should be investigated. Birefringent

materials should also be studied to determine material limits on the electro-optic effect and

spectral transmission characteristics to determine practical capabilities of filters discussed

in this thesis.

ix
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A THEORETICAL INVESTIGATION OF ELECTRICALLY TUNABLE
BIREFRINGENT OPTICAL FILTERS AS THE SPECTRAL DISCRIMINATOR

IN HYPERSPECTRAL IMAGING SYSTEMS

i. Introduction

Problem Statement

This thesis investigates electrically tunable birefringent optical filters for use as the

spectral discriminator in hyperspectral imaging (HI) systems. This work defines the

characteristics of a generic HI system based on current state-of-the-art HI systems and

from these characteristics generates a hypothetical ideal tunable filter for HI. Existing

filters, combinations of existing filters, and any filters originated during this thesis are

characterized and compared to the ideal and to each other to determine their promise in

HI applications. This thesis effort is not a detailed. analysis of HI systems', however,

some general properties of real world HI systems are used.

Electrically Tunable Birefrinvent Optical Filters

An Electrically Tunable Birefringent Optical Filter (TOF) as discussed in this thesis is

a device which selectively allows one optical spectral band to pass through it while

blocking the rest of the optical spectrum. The TOF has a bandpass whose center

frequency (or wavelength) is changed by alteration of the electrical signal applied to the

filter. Most TOFs are based on the Lyot filter [1], the Solc filter [2), or the acousto-

optic filter [3]. While the Lyot and Solc filters are not inherently tunable, the electro-

optic effect or electrically rotatable waveplates can render them so, The acousto-optic

filter is not considered in this thesis.
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HI systems are multispectral imaging systems with a large number of spectral channels

(arbitrarily chosen to be greater than 100). Multlspectral imaging is concerned with

imaging remote objects (usually from an aircraft or spacecraft) both spatially and in several

different spectral bands [4: 4]. An ordinary camera and several colored bandpass filters

could form a multispectral image. One would simply take several snapshots of the same

object, each snapshot with a different color filter attached to the camera. The

multispectral Image is the collection of all photographs of the same object; in this

simplified example, a colored filter provides spectral discrimination. Most modem HI

systems don't operate solely in the visible spectrum nor do they use photographic film to

store image information; rather, they use some type of mass storage like optical disks or

magnetic tape, Also, most existing HI systems use some combination of dichroic mirrors,

gratings, prisms or a color wheel for spectral discrimination.

HI is important to both the military and civilian communities. The military is primarily

concerned with remote target and threat detection and identification. Commercial

interests are wide and varied; earth remote sensing systems look for wheat, minerals,

schools of fish, pollution and more. The multispectral nature of the images helps to

distinguish the object of interest from the background. For instance, a mobile missile

launcher in a forested area might be invisible in the green spectral band but easily

detectable in one of the infrared spectral bands, Similarly, a corn field imaged from a

satellite might look the same as a prairie in one spectral band but different in another,

Multispectral Image Formation

A multispectral image (Figure 1) has three dimensions: two of the dimensions are

spatial and one dimension is spectral. The two spatial dimensions are the same as the

spatial dimensions on an ordinary photograph. For a given multispectral image, there is
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Spectral

dimnension

Image Spatial
dimension

Spatial dimension

Figure 1. A Multispectral Image

one complete spatial image for every spectral channel, The multispectral image shown in

Figure 1 has spatial information in five spectral bands,
Spatial Information. Let us set aside the spectral dimension for a moment and look

at how a HI system gathers spatial image information (Figure 2). Each small square

represents a single detector's instantaneous field of view (IFOV). In this example, a

complete image frame consists of 64 IFOVs which make up one system field-of-view

(SFOV). The scheme used in Figure 2a employs only one detector and mechanically scans

the object in both spatial directions to construct a complete image. The method used in

Figure 2b takes advantage of a 1 x 8 detector array to gathei each row of IFOVs

simultaneously while mechanically scanning the other spatial direction. A two-dimensional

array can take both spatial dimensions simultaneously as shown in Figure 2c: no

mechanical scanning is necessary; however, to image an area larger than the SFOV

would require some type of scanning. Systems capable of gathering an entire SFOV with

no mechan.cal seanning are called staring systems.

Spectral Information. Spectral information can be taken sequentially (one spectral

band at a time) or in parallel (several spectral bands at the same time). The pushbroom

method (Figure 3) is a star., of-the-art method for gathering spectral information in

parallel. In the pushbroom scheme, one row of spatial IFOVs from the object is imaged

3



a. Serial Scanning b, Parallel Scanning c. Staring

Figure 2. Three Ways to Gather Spatial Information From an Object

-. , 3 %.2 X1

Linear One Spatial Pixel inLinear ZC.==;

Detector Aays2 Several Spectral Bands

Dispersive Element X2

Optics "i
Vehicle Motion

Scene

Figure 3. Pushbroom Scanning to Form a Multispectral Image

to several columns of detectors simultaneously by a system of dispersing elements such as

prisms or gratings. There is a column of detectors dedicated to each spatial pixel.

Another variation using linear detector arrays is whiskbroom scanning where the

linear detector arrays and dispersive element are perpendicular to the pushbroom

configuration. The scene is mechanically scanned perpendicular to the vehicle ground

track- whiskbroom scanning is used when the desired scene is much wider than one linear

array field-of-view.
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As stated earlier, staring HI schemes (Figure 4) take advantage of a two-dimensional

detector array tc gather two-dimensional spatial information with no mechanical scanning

for one SFOV. The staring HI system brings about the need for some type of sequential

Two Dimensional
Detector Array

TI,

Tunable T3
Optical Filter '

Optics" - .__

Vehicle Motion

Figure 4. Staring System with Sequential Spectral Information

spectral discrimination method such as a TOF which tunes to X, during time Ti, X during

T2, and X during Ts and so on. Another possibility for sequential spectral discrimination

is a rotating filter wheel (Figure 5) that cycles through all of its spectral bands during the

time that one SFOV is imaged [5:324]. The filter wheel is tuned mechanically by rotatiou

kB7>%-B4}

Figure 5. Filter Wheel with Eight Spectral Bands
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with one complete revolution per multispectral image. The color wheel approach may

work when there are only a few spectral bands but might be impractical for the number of

bands required for HI due to the filter wheel size, also mechanical rotation is undesirable

in satellite applications.

lngming Versus aKng

Scanning Systems. HI systems, as discussed in this thesis, fall into two broa4,

categories; scanning systems and staring systems. Almost all of the earth-sensing ,d

environment-sensing satellites use soma type of scanning system. A mapping scanning

system constructs Images of scenes mtuch larger than its SFOV. The resultant image is a

continuous long strip of the scene as the vebiclo moves forward, Earth remote sensing

systems, such as the United States' Landsat system, provide this type of image data

[4:473]. The 64 band Moderate Resolution Imaging Spectrometer (MODIS) is a

whiskbroom mapping system scheduled to begin operation in the mid-1990's as part of the

Earth Observing System (EOS) [6:43], [7:145],

A target-tracking scanning system images a much smaller object or scene. To track

one target, the scanning HI system must continually point at the scene using a gimbaled

mouw ,,, ,-. parent vehicle must make repeated passes over the target. The 32 band

NASA Advanced Solid-State Array Spectroradiometer (ASAS) test program used a

combination of gimbaled mount and repeated passes to gather object data [8:3-4].

Almost all modem scanning HI systems take spectral data in parallel. In particular,

pushbroom scanning finds use in many remote sensing applications such as NASA's

proposed High Resolution Imaging Spectrometer (HIRIS) [6:39], [9:136], Europe's

Medium Resolution Imaging Spectrometer (MERIS) [ 10:102] and the Multispectral

Scanner System (MSS) in Landsat [4:473].
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Staring Systems. The staring system proposed by Rees in his remote sensing text

would gather spectral information one spectral band at a time for each SFOV; with

modern detector array technology, the staring system concept appear; to be a promising

HU system of the future [ 11:95-97]. As mentioned earlier, a mechanically tuned filter

wheel could provide spectral discrimination for a staring system with a small number of

spectral bands, The Japanese plan to use a staring system with filter-wheel spectral

discrimination on their eight band Advanced Piarth Observing Satellite (ADEOS) [12:196].

A Comparison. An advantage of a staring system lies in the amount of radiant energy

each detector can gather from one IFOV in one spectral band. Radiant energy is a crucial

parameter in HI system operation: generally speaking, more radiant energy is better. Let

us go through an admittedly simplified analysis of radiant energy reaching one detector in

one spectral band for a pushbroom system versus a staring systern. Several assumptions

will enable this comparison.

1. The object of interest is squaie and "N x N" IFOVs (one SFOV).

2. The object will be imaged in "L" spectral bands,

3. The pushbroom system has "N" linear detector arrays, each I x L. Bach linear
array images the irradiance from one IFOV into L spectral bands.

4. The staring system has a single "N x N" detector array with a tunable optical
filter to provide spectral discrImination.

5. The area of the optic for both systems is the same (Ao).

6. There are "T" seconds to gather all spatial and spectral information for one
SFOV (one complete multispectral Image).

7, The irradiance on the optic (Bo) from the object is from one SFOV (the object is

uniform and Iambertian).

With the pushbroom system, the total irradiance oni the optic isn't used; the system

can only look at one row of IFOVs at a time (the power is divided by "N"). Since there is
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one IFOV per linear detector array, the power is divided again by "N". The dispersing

element then divides the power due to each [FOV between "L" spectral bands, The

integration time for the pushbroom system is the tine allowed for one SFOV divided by

the number of rows of IFOVs in one SFOV. Radiant energy on one detector, in one band,

Is the product of power and integration time:

E A T EA0T
Qd(SCANNINO) = N'L N3L (1)

Now let us look at the "L" channel staring system. Remember, we are allowed "T"

seconds to gather all spectral and spatial Information for one SFOV: the staring system

must gather "L" spectral bands in "T" seconds from N2 IFOVs simultaneously. Radiant

energy in the staring case is simply the product of power and integration time [7: 14], or

Qd(STAXINO) E - B0A0 T

N2 L N'L (2)

The last two results show a significant advantage for the staring system In this

oversimplified case. Mt reality, there would be many more losses for both types of

systems such as losses in the gratings or optical filters, and losses in the optical train.

The Representative HI System and the Ideal Filter

The Representative HI Systems. There are a myriad of HI systems in operation and

on the drawing board. The HIRIS, proposed as part of the EOS, represents the state-of-

the-art in number of spectral channels and channel bandwidth for HI systems. The

spectral range of 0.4 to 2.5 tm is imaged in 192 spectral channels simultaneously, FWHM

bandwidths range from 10 run to 50 nm [9]. The HIRIS is meant to provide high spectral
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and spatial resolution (IFOV of 30 M2) to image relatively small areas; it is not meant to

ip large areas like the MODIS described next,

The MODIS, also part of the EOS, consists of two sensors MODIS-N and MODIS-

T capable of two-day global satellite coverage [7]. The MODIS-T, with tiltable field-of-

view, has spectral coverage from 400 to 1040 nm in 64 spectral bands with spectral

bandwidth of 10 nm. The MODIS-N has 40 channels with spectral coverage between 470

nm and 14.2 Am. Channel bandwidth ranges from 10 nm in the visible region to as much

as 500 nm in some of the infrared channels. Although there are many variations, the

MODIS-N represents the state-of-the-art in multispectral imaging systems with infrared

capabilities fairly well.

The Ideal TOF for Spectral Discrimination in HI Applications. This thesis defines

the ideal TOP by assuming the TOP would provide spectral discrimination for a HIRIS-

type instrument in the visible through near infrared region (400 rm - 3.0 Am) and for a

MODIS-N-like system in the infrared region (3,0 Am - 5 pm, 7 jm - 14.2 Am). The ideal

TOP has 100% transmission in the pass band, 100 % rejection out of the pass band, a 10

nm bandwidth in the visible region (400 nrm - 1.1 Aim), a 20 nm bandwidth in the near

infrared (1.1 jIm - 3.0 pm), a 50 nm bandwidth in the middle infrared (3.0 gim - 5.0 pm),

and a 300 nm bandwidth in the far Infrared (7 Am - 14.2 Am). Ideally one TOP would

tune over the whole spectrum of interest (400 nm - 14.2 im). This thesis did not address

such filter parameters as filter field-of-view, losses due to reflection or absorption,

channel selection speed, filter power requirements, or other material considerations such

as temperature dependence.

The investigation Into HI was primarily a search through the scientific literature

concerning HI systems and NASA's technical documentation of the EOS. HI system

9



spectral discrimination requirements used in this thesis are quite general and were deduced

from technical specifications for the MODIS and HIRIS sensors scheduled to be part of

EOS. HI system spectral discrimination requirements were then translated into Ideal TOF

characteristics; this thesis uses the ideal TOF characteristics for comparison purposes.

Scientific literature and patents yielded the information concerning existing filters and

tuning methods with some modifications introduced during the analysis of certain filters.

The combination of analytical and computer numerical analysis helped provide insight

into filtering and tuning methods. Analytical expressions are presented whenever possible

for filtering and tuning methods; some expressions are taken from the literature while

others were derived, Jones Calculus and numerical software provide simulations for all

filters and filter combinations considered in this thesis [14]. The comparison between the

computer filter simulations and the "ideal" filter are the basis for the conclusions about

each filter's applicability to HI.

Materials analysis is only cursory; this thesis is not a study of birefringent or polarizer

materials. Tuning methods such as electro-optic tuning and electrically rotated optic axis

tuning are based on phenomenon that certain materials exhibit; however, no specific

material parameters were used in the computer simulations.

Assumptions and LiMitats

Several assumptions are made to limit this work to fundamental filtering concepts and

filter tuning considerations. First, this thesis ignores most real-world detector constraints

including detector spectral response. The filter investigations assume Ideal lossless

waveplates, achromatic waveplates whose optic axis is electrically rotatable, and non-

dispersive electro-optic birefringent materials which are capable of any combination of

Indices of refraction and crystal thickness desired, Losses due to reflection and refraction

are also ignored. The above assumptions greatly simplify the filter and tuning analysis and

10



detract little from the value of the results at this stage. Also, the results are more

tractable and easily understood.
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11. Lyot Based Filters

The findings for the Lyot based TOs investigated as part of this thesis are presented

in this chapter. Where possible, analytic expressions are presented to define each filter's

characteristics, to include: filter transmission versus wavelength, bandwidth, and tuning

range. Analytic expressions provide verification of the computer simulations which yield

information about certain filters for which no analytic expression was available, It should

be noted once more that many practical considerations such as absorption loss, reflection

loss, birefringent element thicknesses, and material acceptance angle are neglected to

keep the analytical expressions and computer simulations tractable.

The Lynt Birefringent Filter

The Single Stage Lyot Filter, Lyot invented the birefringent filter in 1933 to use In

solar research [1]. A single stage Lyot filter consists of a piece of birefringent material

(usually unlaxial) positioned between two parallel or crossed polarizers (Figure 6). The

elements are stacked with faces parallel to each other- the optic axis of the birefringent

element is parallel to the faces of the other filter elements and at an angle "p" to the

extinction axis of the input polarizer.

The input polarizer in Figure 6 converts the Incoming light to linearly polarized light

in the "Y" direction. If the incoming light is randomly polarized, 50 percent of the

incoming light is lost through the Input polarizer. The linearly polarized light is broken

into two components (Eigen polarizations), one component polarized along the fast axis

of the birefringent plate and the other along the slow axis, Each component propagates

through the birefringent plate at a different velocity causing a phase difference to develop

between the two. The amount of phase difference, along with the relative magnitude of

the Elgen components and the angle "p", determine the type of polarization out of the

12



Y
fast axis slow axis

Figure 6, A Single Lyot Filter Element

birefringent plate. Hecht gives the following equation to describe the resulting

polarization of two orthogonal optical disturbances which are out of phase with one

another by the phase difference "e" [15:273].

() 2
E°Y) *kIE oJ\ B,)E o if (3)

where

E=E -E cos(kz-ot), 13 ME cos(kz-cot+e) (4)
x ox y oy

and

e~)-27vAnd
C (5)

where An is the difference between the slow and fast indices of refraction in the

birefringent material, v is the frequency, d is the thickness of the material, and c is the

speed of light in free space. Equation (5) describes an ellipse making an angle "a" with

the (Ex, Ey) coordinate system as shown in Figure 7; the (Ex, Ey) coordinate system is

defined by the fast and slow axes of the birefringent plate and Eox and E0q are field

magnitudes.

13
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1 -I

Figure 7. Plot Showing Elliptical Polarization

Hecht gives the equation for ot as [15:273]:

2E0 E 0 cose
tan 2a = 2  -E2 (6)-2 E2

ox oy

One can make some interesting deductions from Equation (6). First, when Eox and Eoy

are equal in magnitude (p = t m4), a can only be ± g4, and when e - ± R/2 a is

zero. The Lyot geometry is when the magnitudes of E and Ey are equal (p M =U4),

Polarization plots for the two waves after they exit the birefringent plate for various values

of E are in Figure 8. We see that with no plate between the polarizers (e = 0), the

E-0 e ?c/4 e xn2 e =3t/4 E7

Figure 8. Polarization Plots with Eox = Eoy for Various Values of e

polarization is linear and at an angle of x/4 to Ex (parallel to the transmission axis of the

input polarizer). As e is increased from 0 to x/2 we see the ellipse that describes the

polarization get "wider" until at e = it/2 the polarization is circular. As e further

increases from n/2 to n, we see the polarization go from circular to elliptical again only

14



the orientation of the ellipse is at an angle of - 7U4 to the Ex axis (perpendicular to the

input polarizer) and finally at e = 7r the polarization is again linear. For a fixed angle "p"

the polarization out of the birefringent plate is determined by the amount of phase

difference between the two Eigen components; thus, the intensity of light transmitted by

the output polarizer depends on the phase difference introduced by the birefringent plate.

Recall that the phase difference (retardance) introduced by a birefringent material depends

on the frequency of the light impinging on the material (Equation 5), The filtering action

comes about because of this dependence of retardance on frequency. A sample plot of the

transmission spectrum for a single stage Lyot filter is shown in Figure 9, As the plot in

0.5 - 1

Transmission '% Rejection
Intensity , -r.,

S, ,,KJ-Bandwidth- ,

0 1 - I I0 .5 n 1.0n 1.5n 2.0n 2.: 7 3.0n 3.5n 4.0n
Retardance e

Figure 9. Transmission Spectrum for a One Stage, Parallel Polarizer, Lyot Filter

Figure 9 shows, the transmission spectrum of a one stage Lyot filter is periodic with

transmission peaks where e is a multiple of 2n and transmission minimums occur at odd

multiples of 7r. The half power points are when the retardance is an odd multiple of 7r/2

which corresponds to circular polarization. Circular polarization can be decomposed into

two equal orthogonal linear polarizations; one is passed by the output polarizer while the

other is totally extinguished, The analytic expression given by Yariv for the one stage

Lyot filter with parallel polarizers is [ 16:130]:
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1o 2(E"
T=2Co ) (7)

In Equation (7) it is assumed that the polarizers are ideal and the incoming light has

polarization such that half the incoming power is lost through the first polarizer.

The Multiple Stage Lyot Filter, A one stage Lyot filter is not very useful because the

bandwidth is the same as the rejection region, To narrow the bandwidth, E can be

increased but this decreases the rejection region correspondingly. The most effective way

to narrow the bandwidth is to add more stages to the filter such that the spectrum of each

added stage increases the rejection region and decreases the bandwidth, A two stage

Lyot geometry is shown in Figure 10, In each successive added stage, the thickness of

Fast A is y

Slow Axis

. .. . . . i . . . . X

Figure 10. A Two Stage Lyot Filter

the birefringent plate doubles from that of the previous stage; the transmission spectrum

of each successive stage has a spectral period of one half that of the previous stage. When

two stages are cascaded, the transmission spectra of each stage effectively multiply

together as shown in Figure 11, In general, adding stages narrows the bandwidth and

widens the rejection region of the filter.
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Figure 11. Transmission vs. Frequency for (a) The First Stage of a Lyot (b) The Second
Stage of a Lyot (c) The Two Stages Cascaded Together (Two Stage Lyot Filter)

The general relationship for an N-stage Lyot filter is simply the product of the

transmission functions for individual stages (Equation 7). This is shown in Equation 8:

T=..fCos2 2~e
2 (8)

The full-width-half-maximum (FWHM) bandwidth of the multistage Lyot can be

estimated by the bandwidth of the final stage as long as N isn't too large. The equation

below gives the bandwidth of the final (thickest) stage;

%2BW c N or BW 0 (
Hz 1d 2N And 2N

where the thinnest stage thickness is di and X, is the center wavelength of the passband of

interest,
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While the thickest element determines the bandwidth of the Lyot filter, the thinnest

element determines the free spectral range. The expression for free spectral range is the

same expression as for the bandwidth only we use the thickness of the thinnest stage.

FSR =----- (in frequency)
And, (10)

Equations 9 and 10 show that a large And, product helps to narrow the bandwidth;

unfortunately, the free spectral range is decreased as well. In a filter design where both

large free spectral range and narrow bandwidth are important, the free spectral range

must be set first by choosing the correct And, product; then the bandwidth can be

achieved by choosing the proper number of stages.

Transmission profile of the Lyot Filter. Although the Lyot filter is treated like a

bandpass filter in this thesis, it is not truly a bandpass filter in that it has more than one

pass band. The center frqpencies for the multiple pass bands are found by looking at the

transmission function of Eqv,.4on 8 and the expression for retardance in Equation 5.

Transmission peaks occur ': 'v..:

kc __

Vffikc or X fi_ & . k =0,1,2,3 .....And, k (1

The transmission profile of the Lyot filter is not rectangular as we would like and the

transmission and rejection are not unity and zero respectively. Fifty percent of randomly

polarized input intensity is lost at the input polarizer, so even a filter with ideal elements is

limited to 50 percent transmission. In the rejection region, we see in Figure 11 that the

side lobes of the transmission band are substantial (usually around five percent of the main

lobe). A section later in this chapter deals with side lobe suppression.
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The An-tuned Lyot Filter

Ting Mechanism, The standard Lyot filter provides the basis for understanding the

tunable Lyot filter, In the An-tuned Lyot case, the birefringent element thicknesses are

constant but the birefringence (An) of the material is variable. An electric field applied to

certain materials changes An in the material. It has been shown that under certain

conditions a relationship exists between the applied dc field (strength and direction) and

the birefringence exhibited by the material [16:220]. In the present study, no specific

material is used and it is assumed that any range of An is possible and that An can be

changed without affecting the Eigen directions in the material.

Tuning Characteristics. "Tuning" refers to movement of the center frequency (or

wavelength) by changing some parameter of the filter. A multistage Lyot filter with fixed

birefringent element thicknesses can be tuned by changing An in the birefringent material

for each stage simultaneously in the same fashion. A look at Equations 9 and 11 shows us

that for any particular pass band, the bandwidth and center frequency are inversely

proportional to An. In other words, a reduction of An moves any particular pass band

up in frequency while the band% .idth (in Hz) of that pass band gets narrower. Tuning

range is defined as the maximum frequency or wavelength range over which the pass band

of interest can be moved while maintaining only one pass band in the frequency or

wavelength range of interest. From Figure 11 we deduce that the tuning range must be

less than the free spectral range given by Equation 10. If the filter is tuned over a

frequency range equal to or larger than one free spectral range, there can be more than

one passband in the frequency range of interest. The next section illustrates the tuning

characteristics of the An-tuned Lyot filter with examples of HI system applications.

Operation in the HI spectral region. In this section, filter characteristics are

expressed in terms of wavelength because HI system requirements are usually expressed in

wavelength units. The spectral range of interest for HI applications is 400 nm to 14.2 jim
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in terms of free space wavelength, or using the fact that frequency is the speed of light

divided by the free space wavelength, 21.1 terahertz (THz) to 750 THz in terms of

frequency. The product of the thickness of the thinnest plate and the material

birefringence (And) determines both where the transmission peaks will be and the free

spectral range between the transmission peaks. For HI spectral discrimination we want a

large free spectral range and the ability to tune to any wavelength of interest. If we

choose the product of And, such that the first transmission peak (k = 1) is at 400 nm then

the passband center wavelength is moved to longer wavelengths by increasing An

(assuming constant plate thickness) and we have tunability, A doubling of An moves the

center wavelength from 400 nm to 800 nm; but, along with the peak at 800 nm (k m 1) is

another peak at 400 nm (k :a 2). This means that if we start tuning at 400 nm we can only

tune to some wavelength slightly less than twice 400 nm before a second transmission

peak begins to appear; in general the tuning range for the An-tuned Lyot filter is a little

less than the filter's shortest wavelength. In terms of wavelength this filter is ideally

capable of tuning from 400 nm to slightly less than 800 nm in the visible, the entire mid-

Infrared (3 gm - 5 gm) and most of the far infrared (7 pm to slightly less thn 14 gm).

As eluded to above, bandwidth (expressed in wavelength units) of a particular

transmission peak does not stay constant over the filter tuning range. In fact, bandwidth

changes linearly with center wavelength for the An-tuned Lyot filter. In the visible case, if

we set the number of stages such that the bandwidth is 10 nm at a center wavelength of

400 nm, then tune the filter to 800 nm and recalculate the bandwidth, we see that the

bandwidth expressed in terms of wavelength doubles when the center wavelength doubles.

The results of a computer simulation are shown below in Figure 12. Notice the second

pass band at 400 nm when the filter is tuned all the way to 800 nm, Actual tuning range in

the visible spectral region would be slightly less to keep the second pass band out of the

spectral range of interest.
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, ligure 12. Tuning Characteristics for a $.stage An-tuned Lyot Filter in the Visible Region

I ..Another important characteristic of a filter for HI application Is the number of spectral

bands it can support vithout the bands interfering with each other. If each pass band is

only allowed to ovurla as far as its half power points with its neighbor's half power

.points, then the number of channels is the number of pass bands which fit in the tuning

range in this manner. As an example, the channels were calculated numerically for the

five stage An-tuned Lyot discussed above. A possible channel allocation solution is

presented in Table 1; about 25 channels are possible from 400 to 800 nm. Note that an

additional stage added to this filter halves the bandwidth of any particular passband and

thereby doubles the number of channels pOssible.

It is obvious that a single An-tuned Lyot filter cannot cover the whole HI spectrum.

In fact, 5 such filters are required to tun,. over the HI spectrum. Table 3 shows one

possible set of An-tuned Lyot filters for the HI spectrum; notic, that the total number of

channels exceeds 200.
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Table 1. Example of Channel Allocation for a An-tuned Lyot Filter
in the Visible Region

Channel Pus Band Center
-Wavelengt nmI
1 400.0
2 411.2
3 422.8
4 434.8
5 446.8
6 459.6
7 472.4

8 485.6
9 499.2
10 513.2
11 527.6
12 542.4
13 557.6

.14 573.2

17 623.2
is 640.4

19 658.4
2 677,2
'21 695A

23 7.2
24 756.0

25 ~ 777.2,

Table 2. A Saet of An-tuned Lyot Filters Required to Tune
Over the HI Spectrum

Tuning Ranlo Number of Bandwidth Maximum
- Stages Range (nm) Channels

400n 80 jni 6 5.6-11.2 50
S00 nm - 1.6 IL 6 11.2 -22.4 50
1.6 tn- 3.0 wn 6 22.4.41.6 44___
3.0__ pm.5ng 6 ___ 41.6-68.6 36
7,O0un14.0 i.m 5 __ 194-288g 25
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The Wave-Plate-Tuned Lyot Filter

Tuning Mechanism. An alternate method of changing the passband center frequency

was suggested by Title and Rosenberg (17], This method uses an achromatic quarter-

wave plate, and a rotatable achromatic half-wave plate as shown in Figure 13. Sharp and

L x Rotatable
A chromatic
Half-wave Plate

Achromatic
Quarter-wave Plate

~jj Bireffingent

Figure 13. One Stage Lyot Filter Tuned with Achromatic Wave Plates

others demonstrated a single stage filter of this type using a special liquid crystal

electrically rotated wave plate [18].

The polarization out of the birefringent plate Is in general elliptical (Figure 8). The

achromatic quarter-wave plate converts elliptical polarization to linear polarization; the

angle that the linear polarization makes with the X axis depends on the amount of

retardance of the birefringent element, If the birefringent plate thickness and An are held

constant, the retardance is inversely proportional to signal wavelength, Thus, the angle

of the linear polarization coming out of the quarter-wave plate depends on the

wavelength. The half-wave plate changes the sign of the angle between the input wave's

polarization vector and the fast or slow axis of the crystal (Figure 14); thus, the half-

wave plate can be rotated such that the resulting polarization matches that of the output

polarizer.
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Figure 14. Linear Polarization Angle Change Through a Half-wave Plate

Tuning Characteristics. Using Jones calculus, the transmission of a one stage Lyot

filter with rotatable half-wave plate tuning can be calculated, The Y-polarized

transmission function is:

T =ls1n(elsin(4 -icos(e)sin2 (2p )+!cos2
I stage 4 P2' 2 (\2) (14)

where e is given by Equation 5, and P2 is the angle between the X axis and the fast or

slow axis of the rotatable plate (Figure 13).

To apply this result to a multi-stage filter we must remember that the retardance of

each successive stage is twice that of the previous stage because the thickness of the

birefringent plates double with each stage, Since the angle of the linear polarization out of

the quarter-wave plate is proportional to the retardance of the birefringent plate

immediately before it, the half-wave plate rotation angle for each successive stage must

also be twice that of the previous stage. Taking the product of the transmission functions

(E4uation 12 with correct thickness) for each of "N" stages and correcting appropriately

for the doubling of the half-wave plate rotation angles we gelt:

T N 1 si,( N-1 esn2~ 2 O(Nl~i 2 2 02( -

4(13)
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Notice that when P2 is an integer multiple of /2 Equation 13 becomes the same as

Equation 8 for &ii standard Lyot.

The FWHM b. ,!iwidth is closely approximated by the bandwidth of the last stage and

Is given by Equation 9, the same as the standard Lyot. Even though Equation 9 expresses

the bandwidth, unlike the standard Lyot And doe n't change when the filter is tuned so the

bandwidt remains constant (in frequency) throughout the tuniag range which means

bandwidth expressed in wavelength units grows quadratically with wavelength, Like the

statndard Lyot the bandwidth is still narrowed by addition of stages.

Tuning range for this filter begins at X * And for p2 *
m rI2 and continues toward

longer wavelengths as P2 is decreased; X approaches infinity as P2 approaches zero, In

this case maximum tuning range must be expressed in frequency and is given by:

TR = c
And, (14)

Operation in the HI Spectral Region, The HI system requirements specify a 10 nm

bandwidth for the 400 nm to 1.1 gtm spectral region, a 20 nm bandwidth for the 1.1 gm

to 3 gm region, a 50 nm bandwidth for the 3 pm to 5 p.m region, and a 300 nm

bandwidth for the 7 gm to 14.2 gm region. Unlike the An-tuned Lyot, the wave-plate-

tuned Lyot is capable of any of these tuning ranges or capable of tuning over more than

one with a single filter. The maximum aumber of channels is easy to calculate; since the

bandwidth is constant in frequency, the desired tuning range (expressed in frequency for

this calculation) is simply divided by the bandwidth in frequency to yield the maximum

number of channels, For the An-tuned Lyot the bandwidth in frequency actually decreased

with increasing channel frequency; thus, for a given number of stages and element

thicknesses the wave-plate-tuned filter will support fewer channels per given tuning range.
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A 5-staige filter has an 11.2 nm bandwidth for a pass band centered at 400 nm; as it

is tuned from 400 nm toward longer wavelengths to 800 nm, the bandwidth quadruples to

44.8 nm. The number of channels for this filter is 16 compared with 25 for the An-tuned

filter with the same birefringent elements. Figure 15 shows computer generated tuning

0.5 i And in460nm

L BWu=I11,1nm ..........

I P2 - 90.0dog .

015 ~And 1- 460 nm 'i\' r
Intensity W u 39. n.. .. ...........

o [ P2 -48.0dog \
0.5 [ Andlo4ZC)I 1 11

F"--BW 83.9 nm... ............... i-/I
o P2 =32.73 dog
400 500 600 700 800 900 1000 1100

Wavelengt (nm)

Figure 15. Tuning Characteristics for ut 5-stage Wave-plate-tuned Lyot Filter In the
Visible to Near-infrared Region

characteristics for a 5-stage wave-plate-tuned Lyot filter in the visible to near-infrared

region. Table 3 shows a set of wave-plate-tuned Lyot filters that could tune over the HI

spectrum.

Table 3. A Set of Wave-plate-tuned Lyot Filters Required to Tune Over
the HI Spectrum

Tuning Range Number of And, Bandwidth Range maximum
IStage~s Product (nrn) Channels

400 nm - 1A1 gm j 6 400 nm 5.6-42.4 46
1. 1 gim-3.0 jIm 6 1.1 4iM 15.2-113.2 46

3,0 gm -5.0 gm j 6 __ 3.0 gim 41.5-115.3 30
7. ji- 14.2 pim j 6 7.0 gim 96.9-398.8 36
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Both Figure 15 and Table 3 bear out the major disadvantage of the wave-plate-tuned

Lyot filter, its quadratic bandwidth growth as it is tuned to longer wavelengths. This

filter also needs 3 times as many elements compared with the An-tuned Lyot filter.

Pass Band Shaping with Lyot Type Filters

The Contrast Element, A contrast element is used to suppress pass band side lobes in

the transmission profile [ 17]. The contrast element consists of another Lyot stage whose

thickness is close to that of the second to the last stage. Computer generated plots of a

standard 5-stage Lyot and a 5-stage Lyot with a contrast element appear in Figure 16.

The logarithmic scale allows us to see about a 5-fold decrease in the main side lobes.

Both An-tuning and wave-plate-tuning work with this filter as we would expect.

Non-standard Plate Thickness. The non-standard plate thickness Lyot filter differs

from the standard Lyot filter only in the thickness relationship between the birefringent

plates, Each successive plate thickness is an integer multiple of the thinnest plate; but

there can be no common factor between any of the multipliers except 1 [19]. Many

0.1 .Plate Thicknesses = 1:2:4:8:16 (times thinnest platel

0.001 ,, , ,
,I, ) , . it

00001..
Fraction of I
Maximum [ I I IIntensity 0.1 " ,ate Thicknesses = 1:2:4:8:16:8 (times thinnest plate)

(b) 0.01 ? ,'" ,,. .

0.001 .0,0001: ' " ": ' ", "
380 400 420 440 460 480 500 520 540 560Wavelength (nm)

Figure 16. Side Lobe Suppression Using a Contrast Element (a) 5-stage Lyot Filter with
No Contrast Element (b) 5-stage Lyot Plus a Contrast Element (6 stages total)
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thickness combination possibilities exist. By computer experimentation it was found that a

narrower bandwidth could be achieved at the expense of additional side lobes by making

the thickness of the thickest element greater than that of a Lyot with the same number of

stages. Figure 17 shows both a standard 5-stage Lyot filter profile and a 5-stage non-

standard plate thickness filter profile. The non-standard filter bandwidth is narrower at the

0 . . . 1 1 1 I
Plate Thicknesses , 1:3:5:11:23 (times thinnest plat )
BW-7.8 nm

(a ) .............. " " ......................................................................................

Intensity 0
I . .Plate Thicknesses a 1:2:4:8:16 (times thinnest plat)

/ : BW .1l,lnm...............0 I5 I ! I

( b ) ... .... ........ .. ...... ... ..... ........... _ .. ......................I ........ ..I .....

0 4 L04 i503 iI0 i
380 400 420 440 460 480 500 520 540 560

Wavelength (nm)

Figure 17, Spectral Profile for (a) 5-stage Lyot Filter Non-standard Plate Thicknesses
(b) Standard 5-stage Lyot

expense of extra substantial side lobes away from the pass band, This filter lends itself to

An-tuning in the same manner as the standard Lyot. Wave-plate-tuning works as well;

however, the angle of wave plate rotation of all but the thinnest stage will be a multiple of

the rotation for the thinnest stage. The multiplier for a given stage is the same as the

thickness multiplier, The filter in Figure 17a tuned in this manner has a bandwidth of 7.8

nm for a 400 nm pass band and a 59 nm bandwidth when tuned to a 1. 1 .tm and will

support 32 channels.

Arbitrary Pass Band Shapes, There are at least two methods for synthesizing

arbitrary pass band shapes using Lyot-type filter elements, Ammann and Chang describe
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one method which tends to use a large number of Lyot elements [20]. The theoretical

transmission of these filters is low and it doesn't offer any improvements in tuning

characteristics as far as bandwidth dependence on the pass band wavelength. A second

technique was proposed by Title which uses lossy interior polarizers and alternating

azimuth angles for the birefringent elements (Figure 18); the entrance and exit polarizers

are still perfect polarizers [21]. The lossy polarizer passes all vertically polarized light and

Perfect Polarizer
Slow Axis

Y
Fast Axis

artial Polarizer

Perfect Polarizer

Figure 18. A Two Stage Lyot Filter with Lossy Polarizer

a fraction "13" of the horizontally polarized light. A perfect polarizer has 0 = 0 and no

polarizer is 13 1 I; as 03 is increased from zero the pass band widens and side lobes

decrease, While this technique can Improve the passband characteristic (at the cost of

more stages) it doesn't offer anything new in the way of tuning or bandwidth control as the

filter is tuned.

29



III. Solc Based Filters

The findings for the Solc based TOFs investigated as part of this thesis are presented

in this chapter. Where possible, analytic expressions are presented to define each filter's

characteristics, to include: filter transmission versus wavelength, bandwidth, and tuning

range. Computer simulations provide verification of the analytic expressions and yield

information about certain filters for which no analytic expression was available. It should

be noted once more that many practical considerations such as absorption loss, reflection

loss, birefringent element thicknesses, and material acceptance angle are neglected to

keep the analytical expressions and computer simulations tractable, These simplifications

do not detract significantly from the optical filtering concepts contained herein,

The Sole Rirefringent Filter

The Solc filter, named after its inventor, is the second general form of the

birefringent filter [2]. The Solc filter consists of a stack of identical birefringent plates

between two polarizers, The plates have their fast and slow axis in the same plane as the

face of each crystal and the fast or slow axis of each plate is at a prescribed angle (azimuth

angle) with the transmission axis of the input polarizer. There are two main variations of

the standard Solc geometry, the folded Solc (Figure 19a) and the fan Solc (Figure 19b).

In the folded Solc configuration, the azimuth angles of each plate alternate between p

and -p and the output polarizer is perpendicular with the input polarizer. In the fan

configuration the angles are p, 3p, 5p, 7p, etc.

The azimuth angle for an "N" plate folded or fan Solc filter is given in [16:135] by:

P 4N(15)
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(a) YF Nb

SS

Figure 19. (a) A 4-stage Folded Solc Filter (b) A 4-stage Fan Solc Filter

Using Jones' calculus and assuming the input polarizatinn is parallel to the transmission

axis of the input polarizer, Yariv derived an expression for the intensity transmission of the

N-stage folded Solc filter by first writing the resultant matrix of all the birefringent plates

as [16:135]:

M=C D (16)

where N = 2m (N is assumed even for mathematical convenience). The expressions for

the elements of M are:

A =(cosie - jcos2psin je)2 + sin 2 2psin 2 je

B f sin 4psin 2 j-C

C---B

D = (cos-c + jcos2psin e) 2 +sin 2 2psin 2 +e (17)

where
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2itAnd
e = -2---= (retardance of one plate) (18)

Next, using Chebyshev's identity a closed form for M is derived.

CSi4=o'(A+D)] Ds~~'JAD-si4 I oF j 'I)

6*l0c, oi'[;( '} '(19)

Finally, the X-poli':zed field intensity of the emerging beam for a folded Solc filter is

given by:

.' 2

e =IM 2112  tan2pcosXs NZ where cosx cos2Psin
sm X (20)

Similarly, the Transmissivity for a fan Solc filter is:

T - =M2112 = tan2pcosX N 2 where (cosX=cos2pcos-. (21)sinX2) (1

The picture of how the folded Solc filter works becomes clearer if we let e = 7t, 3n, 5X

etc. (when the plates are half-wave plates). Each half-wave plate rotates incident linear

polarization by twice the angle between the incoming polarization and the fast (or slow)

axis of the crystal (Figure 20), At those wavelengths where the birefringent plates are

half-wave plates, all of the X-polarized incident light is passed through the Y-oriented

exit polarizer. The intensity of the output is reduced at other wavelengths; thus, the Soic

arrangement is a bandpass filter with multiple pass bands. If X = k is the wavelength

where E = it, then transmission peaks will occur at X0, X/3, Xo/5, etc. The widest
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spectral distance between transmission peaks is between the % and VO/3 transmission

peaks.

2p6A
8P'P'

Figure 20. Rotation of the Incoming x-polarized Light After Each Half-wave Plate in a 4-
stage Sole Filter

The fan Sole passes wavelengths for which the birefringent plates act as full-wave

plates (e = 0, 7c, 21, 47, etc.). At these wavelengths the polarization is not rotated and

is passed through the exit polarizer; at all other wavelengths the polarization Is changed

and loss occurs at the exit polarizer. The result is that the spectrum for the fan Sole is the

same as that of a folded Sole with plate retardance of P + n. The widest spectral distance

between transmission peaks for the fan Sole is between the /2 and V/4 transmission

peaks; the folded Sole has a larger potential tuning range (wavelength units) than the fan

Sole provided tuning is accomplished by variation of the And product. Figure 21

contrasts the transmission spectrums for otherwise identical folded and fan Sole filters,

I \ Folded Solc --

Intensity i ...... .......... .. -.................. ... Fan Solc

I0 ," ..A ,. / \ .,'j. ..,-.

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 21, Transmission Spectrum for 10-plate Fan and Folded Sole Filters with
Randomly Polarized Input (And = 600 nm)

33

. .. . ... . .. :;" ': ''' " I " . . .. " .... .. .. .. iI



Bandwidth calculation for the Solc filter requires some assumptions and

approximations; first, we assume the wavelength is close to a wavelength where the

plates are half-wave plates for the folded geometry or full-wave plates for the fal

geometry, The assumption for the folded Solc filter is that (X- <) < * where X is

the wavelength at which the retardance of each plate is "(2k +J) C and k O0, 1, 2, 3, etc,

For the fan geometry the retardance of each plate is (2k) wh~re k - 1, 2, 3, etc. "

When N >> 1 the FWHM bandwidth is given in (16] as:

I. '.'. ( ', k
BWfolded =a 1 al.60((2kN) B=60 ' 2foled~ 2k1)) Wfa ((2k)N) (22)

From Equation 22 we can estimate the number of plates required to meet a given

wavelength. From Equation 15 we can calculate the azimuth angle of the plates.

Equation 18 determines the filter transmission peak wavelengths.

The An-tuned Sole Filter

Tuning Mechanism. As with the standard Lyot filter, the transmission peaks of the

Solc filter can be tuned by varying the product of And; usually the thickness "d" is fixed

while An is changed. This analysis assumes that An is changed electrically via the electro-

optic effect,

Tuning Characteristics, This discussion will concentrate on the folded Solc

configuration and looks at filter characteristics such as tuning range, bandwidth,

transmission, and rejection. Computer simulations and the equations above provide

ins,.ghL into the relationships between the filter characteristics.

As statud earlier, the maximum spectral distance between transmission peaks is

between X, and %/3 where Xo = 2Aiid. If the shortest wavelength in the spectral range

of interest is denoted X, then we can increase An until X - 3 XI before a second
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passband back at %I invades the spectral range. Thus, the maximum tuning range to

maintain a single passband is slightly less than the spectral distance between %I and 3%1.

The bandwidth triples in this tuning scenario, as the filter is tuned from %I to 3Xt; like

the Lyot version, the b, -dwidth shows a linear variation with passband center

wavelength. The next section illustrates the tuning characteristics of the An-tuned Solc

filter with examples of HI system applications.

Operation in the H! Spectral Region, in this section the An-tuned Solo filter

characteristics are analyz,;-d for use in the HI spectral region. As mentioned earlier, the

HI spectral range is 400 rm to 14,2 gm. The shortest wavelength in the desired tuning

range is 400 nm; the observations above and the equations for the folded Sol filter say

that the upper wavelength is slightly less than three times the shortest wavelength (1.2

gim). The An-tuned Solo has almost the same tuning characteristics as the An-tuned Lyot.

The exceptions are that the Solo has a 3:2 advantage in tuning range: and higher side

lobes, about 12 percent of peak main lobe transmission compared with about 5 percent

for the Lyot, The folded Solc filter needs 64 half-wave plates to achieve close to a 10 nm

bact width at the 400 nm pass band; the bandwidth grows to 3.0 nm when tuned to 1.2

mm (FPlgur 22), If we use the same definition of a channel as that used in the Lyot

discussion, the filter in Figure 22 will .upport 40 channels. A hypothbtical set o! filters is

presented in Table 4.

The Wave-Plate-Tuned Soc Filter

Tuning Mechanism, This tuning method uses two achromatic quarter-wave plates

and a rotataible achromatic half-wave plate per birefringent plate. The folded geometry is

used in this discussion, but the wave-plate-tuning concept could also be applied to the fan

geometry. The idea here is essentially the same as for the wave-plate-tuned Lyot, except

the Solc needs the extra quarter-wavc plate fter the half-wave plate to maintain the
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Figure 22. Tuning Characteristics for a 64-plate An-tuned Soic Filter In the Visible to
Near Infrared Region

Table 4. A Set of An-tuned Soic Filters for the HI Spectrum
Tuning Range Number of And, Range Bandwidth Range Maximum

_ _ge _ _nm Channels
400 nm -1.2 gm 64 200 nm -600 nm 10-30 46
-1.2 gtr 3,0 gm 96 600 nm - 1.5 gm 2.0.50 50
10 Am- 5,0 4m 96 _1.5 gin -5m 50-83.3 30

7.OAm - 14,2 gm 64 3.5 gm -7.1 g~m 175-355 27

proper phase relationship between the two orthogonal polarizations [17]. The tuning

elements required for each element are shown In Figure 23; notice the number of plates

required quadruples over the An-tuned Soic. As with the wave-plate-tuned Lyot, the

quarter-wave plates are intended to be electrically rotated. Tuning the Solc filter with

wave plates is a bit more complicated than tuning the Lyot version. The filter will act like

a standard Solc when the azimuth angle of the half-wave plates are p + n~/4 for those

birefringent plates with a positive angle (Figure 23a) and -p + r/4 for those birefingent
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plates with a negative angle (Figure 23b). The rotation angle of the half-wave-plates is the

sum of the tuning angle "Pt" and the angles just mentioned in the previous sentence;

Achromatic Achromatic
luarter.wave Quart- a

AchomaicAchromatio XAchromatic w/ ) Qarter wave "- °

X Plt . X Plato-we

Quarter-wav .. ,, , ,

/: ' .', , -" " _, oatblve \ -" otatable
/ e s ./ Hafw4v \. Half-wave

Birefdngent " . refrtngent
(a) Element (b) Element

Figure 23, Birefringent Plates for the Folded Solc Filterwith Associated Tuning Sections
for (a) The Positive Azimuth Angle Plates (b) The Negative Angle Plates

theoretically, the filter will tune from a wavelength of 2And (Pt * 0) to infinite

wavelength (Pt a iU4).

Tuning Characteristics, Computer simulations, expressions for the standard folded

Solc filter, and knowledge gained in the study of the wave-plate-tuned Lyot filter provide

insight into the wave-plate-tuned Solc filter, The bandwidth increases quadratically with

pass band wavelength like the similarly tuned Lyot filter; Equation 22 does not apply for

the bandwidth of the wave-plate-tuned Solc filter for any non zero Pt. The number of

plates required for a specific bandwidth at the shortest filter wavelength Is however

calculated via Equation 22,

Operation in the HI Spectral Region. This filter requires 64 birefringent plates to

achieve a 10 nm bandwidth at a 400 nm pass band; in addition 128 achromatic quarter-

wave plates and 64 achromatic rotatable half-wave plates are needed to tune the filter.

The spectral characteristics for the above mentioned filter were computer calculated and

are presented in Figure 24. Even though this filter has sufficient tuning range to cover the
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Figure 24. Tuning Characteristics for a bA-plate Wave-plate-tuned Soic Filter In the

Visible to Near Infrared Region

entire HI spectral region, the quadratic bandwidth growth precludes tuning over such a

large range, If we started with a 10 nmn bandwidth while tuned to 400 nm, the bandwidth

would be 12.6 pm when tuned to 14.2 gAm! For this reason, several filters would be

needed to stay within the same order of magnitude of the HI bandwidth requirements

defined in Chapter 1. A Hypothetical filter set is presented in Table 5.

Table 5. A Set of Wave-plate-tuned Soic Filters Required to Tune Over
______________ th HI Spectrum _____

Tuning Range Number of And Product Bandwidth Range Maximum
____________ tat es (nM) Chanels

400 nm - 1.2 Am 96 200 nm 6.7-60 40
1,2iLm -3,0 .tm 96 600 nm 20--125 36

3,0Am -5,0 Am 96 L.5 m 50-139 24
7.0gin -14.2 gLm 96 3,5 gm 117-480 30 A
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The Electro-optic Tunable Filter (EOT

Tuning Mechanism. The idea for the EOTF comes from a series of journal articles

written by Pinnow, Lotspeich, and others (22], [23], [24], (25]. In these papers the

filter discussed was constructed of a solid piece of birefringent material with several finger

electrodes bouded to it (Figure 25). Various DC voltages were applied to the finger

Finger Electrode Birefingent Plate

Light>

Figure 25. A Transverse-field Electro-optic Tunable Filter Proposed in [22]

electrodes; the voltages effectively changed the azimuth angle within each small section of

the crystal via the electro-optic effect, This filter is tuned by changing the dc voltages

applied across each pair of electrodes Individually, with the Individual voltages In a

sinusoidal pattern. Much of the theory for this filter is borrowed from coupled wave

theory used to explain the acousto-optic filter; however, Solc filter theory also provides

insight. To see this, assume that p. in Figure 26 is equal to the Sole filter azimuth

angle defined in Equation 15 with N equal to the number of electrode pairs. If we apply

the angle pattern shown in Figure 26 to the filter of Figure 25 the filter acts like a Sole

filter with the number of plates equal to the number of electrode pairs. In fact, this thesis

uses separate birefringent plates instead of a solid piece of material to model this filter.

The Solc filter analogy only goes so far; to discuss tuning, some results from

acousto-optic filters mi:lst be borrowed. This thesis makes no attempt to explain coupled
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Figure 26. Voltage Waveform for Folded Solc Filter Operation, also Waveform for
Shortest Pass Band Wavelength [22]

wave theory or acousto-optic filters; only results from these topics are used, For an

explanation of the acousto-optic filter the reader is referred to [3] and [26], For an

explanation of solution of the coupled wave equations refer to [27],. [28], and [29]. The

EOTF and the acousto-optic filter share the same tuning relationship:

=(n, -no)A (23)

where % is the center pass band wavelength, n, is the slow index of refraction, n0 is the

fast Index of refraction, and A is the spatial period of the field distribution within the

Oilter. For the acousto-optic filter, the sinusoidal field distribution is set up by an acoustic

wave; for the SOT tP, the sinusoidal field disturbance is achieved by several discrete dc

fields whose aripliz.des follow a sampled sinusoidal pattern along the length of the filter

(Figure 27). The maximum angle of the sinusoidal distribution "p." is not the same as

for the Soic filter, except in the above mentioned case where A a 2d (when the EOTF

acts like a folded Solc filter). Expressions for the transmission spectrum of the EOTF are
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Figure 27. Sampled Cosine Wave Azimuth Angle Distribution for a Solc Filter

given in [23] and [24]. the expression for the transmission of the EOTF is:

rT +8 (24)

where L is the total birefringent material length, A is the coupling coefficient, 8 is the

phase mismatch parameter, and Ek is the applied field strength. The expression from [23]

for r is:

r = (n,n,)rUkEk 2% (25)

where Ek is the field strength applied to the crystal and

8.i (% X (26)

rUk is the material electro-optic coefficient and X0 is the pass band wavelength defined by

Equation 23. The angle of eigen direction rotation "p" as a result of an applied electric

field is given in [23] as:

tan 2p = k
fif -fl. (27)
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To solve for p.., we first set X = o to ensure that transmission is at a peak; with X =

Ao, and 8 = 0. Substituting this into Equation 24 we find that transmission is unity when

AL = x/2. Using this fact, Equation 25, and Equation 23, yields an expression for the

applied field required to have unity peak transmission.

EkMA(n, - n, f)k L(nn f) rk for (28)

Finally, substituting Equation 28 into Equation 27 produces an expression for p,.

tan(2p.) (n2 n;2)(n,nt) L (29)

Tuning Characteristics. This section focuses on what happens to filter characteristics

such as bandwidth as the filter is tuned. Also of prime Importance is tuning range. This

discussion assumes an EOTF made up of discrete plates with azimuth angles arranged in a

sampled sinusoidal distribution. As eluded to above, the filter should tune smoothly from

a fundamental shortest wavelength X = 2,nd (when A = )4An) to longer wavelengths

by increasing A. This is close to truth for wavelengths not close to Xf. The actual spectral

behavior of the filter as It is tuned is discussed using Fourier analysis In (25]. When the

filter is tuned to Xf with p. given by Equation 15, transmission is unity. If A is increased

slightly, the passband at Ar splits into two lower amplitude peaks, one on either side of Xe.

As A is further increased, the two peaks continue to move in opposite spectral directions.

Figure 28 shows a computer simulation of pass band splitting where A0 is the pass band

center wavelength and p. is given by Equation 15. Another feature of this filter is it's

quadratic bandwidth growth with pass band center wavelength, similar to the wave-plate-

tuned Lyot and Solc filters.
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Figure 28. Computer Simulation of Pass Band Splitting Close to Xf (Xf = 400 nm,
N = 48)

Operation in the HI Spectral Region. Aside from It's curious behavior near 4., the

ETOF has characteristics similar to the wave-plate-tuned Soic filter, To illustrate some of

the subtle differences, consider an EOTF with X = 380 nm, 48 plates, and a desired

tuning range whose shortest wavelength is 400 nm, The maximum azimuth angle "pm.

is given by Equation 29. Figure 29 is a computer simulation of such a filter. One

0.5 ° o4

0 Pea 0.40I

L BW= 14.1 nm

0.5 I

Peak 0.49 / "
Intensity BW = 56.8 nm

Peak * 0.50a BW 126,5nm

400 500 600 700 800 00 1000 110200

Figure 29. Tuning Characteristics for a 48-plate EOTF Filter with Randomly Polarized
Input in the Visible to Near Infrared Region (And = 190 nm, p.u given by Equation 29)

difference between the wave-plate-tuned Solc and the EOTF is that the transmission drops

off close to Xf for the EOTF. The other difference is that And for each plate must be
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slightly less than And for the wave-plate-tuned Solc filter in order to have smooth tuning

from the same short wavelength limits, Figure 31 shows how peak transmission falls off

close to the short wavelength limit of the filter.

0.5 ....... -- - --

0.45 wo

Peak 0.4
Transmission

0.35
0.3

0,25 - ,--- , ,

400 600 800 1000 1200
Pass Band Center Wavelength (nm)

Figure 30. Computer Simulation for Pass Band Center Wavelength versus Transmission
at Pass Band Peak (And = 190 nm, N = 48, p.m given by Equation 29)

A set of filters almost identical in filtering characteristics to the wave-plate-tuned

Solc filters in Table 5 are presented in Table 6 for the EOTF. The EOTF does have one

Table 6. A Set of EOTFs Required to Tune Over the HI Spectrum
Tuning Range Number of AndProduct Bandwidth Range Maximum

Plates (nm) Channels
400 nm - 1,2 m 96 190 nm 7-63 38

1,2 gm -3,0 gm 96 580 nm 21- 129 34
3.0 _m. 5.0 gm 96 1,44 .tr 52-144 23
7,0 4m - 14.2 gim 96 3,4 m 120-493 29

notable advantage over the wave-plate-tuned Solc In the total number of elements

required; the EOTF requires no extra elements to achieve tuning.
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Ebss Band Shaping with SoIc-typt Filters

SoIc Sections Joined with Polarizers. The multiple Solc filter consists of Solc

sections separated by polarizers (Figure 31), similar to a Lyot filter whose birefringent

P" "P

.~ 'Y

Y X|

Figure 31. Two 4-stage Sole filters Cascaded with a Polarizer

elements are replaced by several identical wave plates in a Soic configuration (17]. The

question is: Do combinations of Sole filters offer any advantages over the standard Solc

or Lyot? Figure 32 shows a computer simulation for a filter made up of two 6 plate Sole

sections separated by a polarizer compared with a single Solc filter of 12 identical plates.

The first folded Solc section of the double Solc filter has plates with a And product of

400 nm; the other Sole section has six plates whose thickness is 9And or nine times as

thick as the plates in the first section. When the two Solc sections are cascaded via a

polarizer, their two output spectra multiply as in a Lyot filter. The result is that the

relatively wide free spectral range is set by the thin-plate section while the narrow
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Figure 32, Computer Simulation Contrasting Two 12-plate Filters (a) Two 6-plate Solo
Sections Joined by a Polarizer (plate thickness is d for one section and 9d for the other)

(b) One 12-plate Solo filter (thickness = d for all elements)

bandwidth is dictated by the thick-plate section. Of course there is a limit to the thickness

ratio between the first stage plates and the second stage plates. The 1:9 ratio here while

exhibiting a high free spectral range to bandwidth ratio, shows many significant side

lobes. The side lobes could be reduced by adding a third stage of intermediate thickness,

or by making the thicknesses of the two stages closer. Ho ; ,,,ver, additAg a third stage

increases the number of plates and reducing the thickness ratio hurts the free spectral

range to bandwidth ratio. The number of stages, plates, and polarizers can always be

traded for large free spectral range, narrow bandwidth, better side lobe characteristics.

As with the standard Lyot or Solc filter, An-tuning, and wave-plate-tuning are possible.

Optical Network Synthesis. Harris, Ammon, and Chang made an important

contribution to optical filtering by devising a procedure to synthesize arbitrary pass band

shapes with two polarizers and identical birefringent elements [30]. The procedure allows

the filter designer to specify an arbitrary output response and to design a filter to produce

that ouiput response. The desired output response is put in the form of a truncated

Fourier series; the inverse Fourier transform of the output response is the impulse

response of the filter. The procedure translates the individual terms of the impulse

response into the azimuth angles of the output polarizer and each birefringent element.
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This is an admittedly simplified explanation with few details; for full explanation refer to

[30].

Filters designed with this technique produce excellent pass band characteristics and

side lobe suppression, However, the Fourier series (and Inverse Fourier series) of an ideal

periodic rectangular passband has an infinite number of terms, An infinite number of

plates are required to synthesize such an output spectrum. The more the series is'

truncated, the more distorted the output response becomes through higher side lobes,

and gradual roll-off. In short, improvements in pass band characteristics cost more plates.

This filter can be An-tuned or wave-plate-tuned although it doesn't offer anything in

the way of bandwidth control as the filter is tuned to longer wavelengths. The bandwidth

versus center wavelength relationship is essentially the same as the similarly tuned Solc

filter.
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IV. Conclusions and Recommendations

IntzdWJ1M
This thesis considered two broad classes of electrically tu-nable birefringent optical

filters for applicationto HI systems, Lyot based filters and Solc based filters. Chapter 1

defined the thesis problem, laid the HI system groundwork, defined an ideal TOP for Hi

application, and briefly discussed the limitations and methodology of this thesis. Chapter

2 discussed the findings for the Lyot based filters and Chapter 3 discussed SoIc based,

filters. Two possible tuning mechanisms provided band pass spectral agility for the Lyot

class of filters, An-tuning and wave-plate-tuning; Chapter 2 addressed both tuning

methods. The two Lyot tuning methods also apply to the Solc filters and are analyzed in*

Chapter 3. The EOTF, in Chapter 3, introduced a third tuning method; this tuning

method relies on the spatial period of the azimuth angle envelope for tuning. Analytical

expressions and computer simulations evaluated tuning, bandwidth, and transmission

characteristics for filters of both classes in their respective chapters.

Conclusions for Tunable Optical Filters

The An-tuned Lyot Filter, One of this filter's strong points for HI application include

its simplicity; relatively few birefringent elements are needed to achieve HI type

bandwidths and It requires no "extra" tuning elements, Bandwidth (in wavelength) grows

linearly with pass band center wavelength which is better than the quadratic growth of

some other filters, but not constant like the ideal filter defined. The major detractor of

this filter concept is its relatively narrow tuning range; the An-tuned Lyot filter can only

tune from And, to 2nd, and this assumes a doubling An. This tuning range is probably

too small for HI applications.

The Wave-plate-tuned Lyot Filter. Theoretically, this filter can tune from And, to

any longer wavelength which makes the tuning range almost unlimited, Even though the
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wave-plate-tuned Lyot filter can theoretically tune over the entire HI spectral range (400

nm - 14.2 ptm), its bandwidth characteristics and the prantical rotation limits of the tuning

elements preclude a tuning range this wide, The bandwidth grows quadratically with

center wavelength; a bandwidth of 10 nm at a 400 nm pass band becomes 90 nn at 1.2

gxm, Another negative feature of this filter is that it needs two tuning elements per

birefringent filter element, triple the number of elements of the An-tuned Lyot filter,

The An-tuned Sole Filter. This filter acts much like the An-tuned Lyot filter with the

exception of the tuning range. The theoretical tuning range goes from the shortest filter

wavelength (2And) to three times the shortest filter wavelength a 3:2 advantage over the

Lyot filter. Birefringent wave plates for this filter need to have a wide range of the And

product; the product must triple to take advantage of the full tuning range. The

bandwidth grows linearly with pass band center wavelength which is the best any of the

filters considered in this thesis can do. The An-tuned Solc filter uses only two polarizers,

but many more birefringent plates than the Lyot filter. Total reflection losses would be

high due to the high number of plates required, Additionally, And must be small at the

shorter wavelengths, as small as 200 nm. If the shortest wavelength An is 0.05, this

would mean a plate thickness of 4 gm and An must be capable of increasing to 0.15.

The Wave-plate-tuned Solc Filter. This filtering concept needG an extraordinary

number of elements to approach HI spectral characteristics; the examples in Table 5 use

96 birefringent elements with three extra tuning elements needed for each stage for a total

of 384 elements. In addition, its tuning characteristics are similar to the wave-plate-tuned

Lyot filter; its bandwidth grows quadratically with pass band wavelength. Even if a

solution is found for the quadratic bandwidth growth, the wave-plate-tuned Soic filter is a

poor candidate for HI application,

The EOTF. This clever extension of acousto-optic filter theory is plagued by the

same bandwidth problem that the wave-plate-tuned filters are, quadratic bandwidth
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dependence on center wavelength, Its tuning characteristics are unique among the filters

considered in this thesis, with pass band splitting near the fundamental filter wavelength

"X', Other than the behavior close to , the tuning characteristics are much like the

wave-plate-tuned filters, Although the computer simulations for this filter were

accomplished using separate birefringent plates, a single piece of material has been used

to fabricate the EOTF [22], Single crystal construction makes this filter attractive from a

fabrication standpoint.

Pass Band Shaping Filters. Filters or filtering concepts discussed in this category

were the Lyot filter with contrast element, the Lyot filter with non-standard plate

thicknesses, the two stage Solc filter, and a Lyot and Solc technique for producing

arbitrary pass band shapes.

The Lyot filter with contrast element was considered as a means to suppress side

lobes. The computer simulation (Figure 16) showed about a five-fold reduction in the

main side lobes for the specific wavelength range used, If one of the Lyot filters

considered above found use as a spectral discriminator for some type of detector, side

lobe suppression would be useful to increase the signal to noise ratio.

The Lyot filter with non-standard plate thickness shows that the standard Lyot

thickness ratios are alterable. Using this idea, results of a computer simulation (17) show

that is possible to achieve a narrower bandwidth than the standard Lyot filter without

using more plates; however, the sidelobes were higher than the standard Lyot filter.

Non-standard plate thickness might also be used to suppress side lobes with other

thickness combinations.

Arbitrary pass band shapes can be accomplished in theory, The partial polarizer

method uses a Lyot arrangement while the optical network synthesis procedure relies on a

Solc type arrangement, Pass band shaping offers the potential to eliminate undesirable

transmission characteristics such as side lobes, but comes at the expense of more
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elements. A filter designed with this technique would almost certainly be tunable using

either An-tuning or wave-plate-tuning; however, tuning characteristics won't improve

over the filters already discussed. Wave-plate tuning would exhibit quadratic bandwidth

growth with center pass band wavelength and An-tuning would limit tuning range.

Recommendations for Further Researh

General Considerations. This thesis looked at potential electro-optically tuned

birefringent filters, Another naor class of birefringent filters, acousto-optic filters, was

not considered and for completeness should be. Filter and tuning elements used in this

thesis are loosely based on existing technology; however, material constraints were

largely ignored and this thesis made no attempt to identify specific materials for any of the

birefringent elements or polarizers, Even assuming ideal material characteristics, the

filters considered in this thesis are poor candidates for HI applications as defined,

However, filters investigated might prove useful for non-HI applications where

bandwidth control is not important and where tuning ranges are narrower,

Filter Research. Collinear and non-collinear acousto-optic filters should be evaluated

for HI application, Arbitrary band shape filters based on the lossy polarizer concept and

the optical network synthesis technique should be further investigated with an eye toward

HI application and possible new tuning techniques.

Material Research. If a less restrictive application for birefringent tunable optical

filters arises, Research should be conducted to determine the actual capabilities of the

filters investigated In this thesis with currently available birefringent and polarizer

materials. Birefringent material properties such as the range of An and the amount of

eigen direction rotation possible through the electro-optic effect should be researched.

Also, "thin" wave-plates should be addressed to determine available thicknesses and

techniques to achieve thin birefringent layers. Achromatic waveplates should be



characterized to determine the spectral range over which they are close enough to

achromatic to be of use.

Other Research. Further research should include radiometric and detection analysis

to determine signal-to-noise ratios required for HI applications and how a given optical

filter would affect the actual signal-to-noise ratio. Since bandwidth considerations played

such major role in the evaluation of the filters in this thesis, bandwidth requirements

should be scrutinized from the earth sciences and remote sensing points of view to see if

requirements could be relaxed without affecting data usefulness.
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